Abstract: In 183 male progeny derived from a backcross between the FGS
Introduction
Focal glomerulosclerosis (FGS) is one of the most common and nonspecific patterns of glomerular injury, and is usually associated with proteinuria, steroid resistance, hypertension and progressive loss of renal function in humans. FGS patients have increased in recent years with very different complications [22] . It is difficult to identify the genes that cause essential FGS in humans, because it is almost impossible to con-trol genetic backgrounds and environmental influences. In contrast, it is very easy to control both genetic backgrounds and environments in inbred strains of laboratory animals. Multiple studies using rat models have identified many quantitative trait loci (QTLs) associated with renal related parameters such as urinary proteinuria, renal index score etc. [2, 4, 15, 19] . However, to date, little is known about the genetic basis for the predisposition to renal complications.
The FGS/Kist strain, a new mouse model for human FGS, has been established by recurrent selection for high proteinuria from descendants of a cross between CBA/Nga and RFM/Nga strains [5] . A previous study reported that the FGS/Kist mouse is clinically characterized by high proteinuria, and by high incidences of plasma creatinine and blood urea nitrogen, which are indicative of renal function [9] . It is also characterized histologically by focal sclerosis of glomeruli and tubular atrophy with interstitial nephritis in the kidney [9, 25] . Recently, our genetic dissection succeeded in identifying five QTLs with main effects and epistatic interaction effects on proteinuria at 6-28 weeks of age in a backcross population produced from a cross between the FGS/Kist strain and the standard normal strain, C57BL/6J [10] . Using the same backcross population, in this study we mapped QTLs responsible for glomerulosclerosis index (GSI) based on histological observations of the kidney, a predictor of renal disease development. In addition, a previous study demonstrated that FGS/Kist mice manifesting high proteinuria have about 60% of the kidney weight of normal mice, and they are sometimes accompanied with body weight loss at 10 to 12 weeks of age and death before 5 months of age [5] . We identified QTLs for the kidney and body weights in order to investigate the possibility that these weights are secondary phenotypes of glomerulosclerosis.
Materials and Methods

Animals:
The construction method of the mapping population used in this study and the details of animal husbandry were described by Kim et al. [10] . Briefly, a segregating backcross population (N 2 ) was generated from the cross (FGS/Kist × C57BL/6J) × FGS/Kist. Only males (n=183) were used for QTL analysis, because the frequency and severity of renal impairment for FGS/Kist males are higher than those for females [9] . The mice were fed a pellet food (PMI, Brentwood, MO, USA) and tap water ad libitum. All experimental procedures were carried out in accordance with guidelines issued by the Institutional Animal Care and Use Committee of the Korea Research Institute of Bioscience and Biotechnology.
Trait measurements: All animals were sacrificed under ether anesthesia at 28 weeks of age. Kidney weight and body weight were recorded. Right-kidney tissue specimens were fixed in 10% neutral-buffered formalin (pH 7.2) and embedded in paraffin. After tissue processing, 2 µm thick sections were stained with periodic acid-Schiff (PAS) for histologic examination by light microscopy. To evaluate the glomerular sclerotic changes, GSI was calculated as described by Kim et al. [9] . Briefly, at least 50 glomeruli per section were observed, the mean score of which were graded according to the size of the PAS-positive area, and the percentages of affected glomeruli were calculated. GSI was then calculated by multiplying the percentage score of affected glomeruli by the mean score of glomeruli.
Genotyping: Primer pairs of mouse microsatellite markers were purchased from Research Genetics (Huntsville, AL, USA). A total of 71 polymorphic markers between FGS/Kist and C57BL/6J were genotyped in the backcross mice (Table 1) . Genomic DNA was prepared from tail samples according to the standard phenol:chloroform extraction method. Genotyping was done by PCR. PCR products were electrophoresed on 3.5% agarose gels (2% Metaphor + 1.5% Seakem LE, FMC, Rockland, MD) in 1 × TBE buffer, stained with ethidiumbromide and photographed under UV light.
QTL mapping:
Prior to QTL analyses, exploratory statistical analysis was performed with JMP Version 4 (SAS Institute, Inc., Cary, NC, USA) to reduce the variance due to covariates such as parity, litter, and litter size. QTL mapping was divided into two steps. The first step was to locate QTLs with main effects. Simple interval mapping (SIM) was performed with Map Manager QTXb20 [13] and QTL Cartographer Windows Version 2.0 [23] . Subsequently, composite interval mapping (CIM) was performed with QTL Cartographer to search for multiple QTLs [26] . All interval mappings were carried out at 2-cM steps for each interval. Parameter estimates for identified QTLs, such as map positions, likelihood ratio statistics, additive effects, and the proportion of phenotypic variance, were computed by the software used. LOD scores were obtained by dividing likelihood ratio statistics by 4.605. Significance threshold levels were determined by 1,000 permutations of mapping data [3] and evaluated by using LOD scores.
In the second step, QTLs with epistatic interaction effects were searched by testing all pairs of used marker loci with Map Manager QTXb20. The interaction effect and the percentage of phenotypic variance explained by the interaction (the difference in variance between the two models with and without the interaction term) were calculated by two-way ANOVA of JMP. To identify significant epistatic QTLs, two statistical tests were performed as described by Ishikawa and Namikawa [7] . Briefly, the significance of the total effect was tested at the genome-wide level determined by 1,000 permutations on the interaction model of Map Manager QTX. Subsequently, if the total effect exceeded the genomewide 5% level, the significance of the interaction effect itself was examined using the genome-wide thresholds computed for SIM, as described by Knott et al. [11] .
Other data analyses: General statistical analyses were performed using one-way ANOVA followed by the Student's t-test to identify the groups that were different from each other. The Bonferroni-corrected, experiment-wide 5% significance level was used for declaring the statistical difference (P<0.05/6=0.008). Phenotypic correlations between traits were evaluated using Pearson's product-moment coefficient. Figure 1 shows the distribution of GSI in FGS/Kist, C57BL/6J, and their F 1 and N 2 males at 28 weeks of age. Most of the FGS/ Kist mice showed GSI values of 6 or more with a mean of 14.4 ± 3.7 (± SD) (n=7). The mean GSI values for C57BL/6J and F 1 mice were 3.8 ± 1.8 (n=9) and 1.9 ± 0.3 (n=10), respectively, which were significantly lower than those for FGS/Kist mice. In N 2 mice, the GSI value was continuously distributed from 1 to 16 with a mean GSI of 4.4 ± 2.7 (n=183). QTL analysis: For detection of main-effect QTLs, two interval mappings, SIM and CIM, were performed on GSI, kidney weight, relative kidney weight to body weight and body weight using Map Manager QTXb20 and QTL Cartographer. For GSI QTLs, one QTL was detected by both SIM and CIM, while another QTL was detected only by CIM. Kidney weight QTL was detected by CIM only, but body weight QTL was detected by both methods. No QTLs for relative kidney weight were detected by either method. Thus, only CIM results are described below.
Results
Characterization of phenotypes:
The genome-wide 5% and 1% significance threshold levels determined by permutation tests were not greatly different among GSI, kidney weight and body weight, and were estimated to be 2.4-2.6 and 3.2-3.5, respectively. The parameter estimates and LOD score plots of QTLs obtained by CIM are given in Table 3 and Fig.  2 , respectively. Four QTLs affecting GSI, kidney weight and body weight, significant at least at the genome-wide 5% level, were mapped to chromosomes (Chrs) 8, 10, 19 and 13. Gene symbols were assigned as Gsi1 (glomerulosclerosis index 1) on Chr 8 and Gsi2 on Chr 10. The other two QTLs on Chrs 13 and 19 were named as Bdw1 (body weight 1) and Kdw1 (kidney weight 1), respectively. As indicated in Table 3 , the allele derived from FGS/Kist mice increased GSI at Gsi1, but decreased it at Gsi2. The FGS/Kist alleles at Bdw1 and Kdw1 decreased body and kidney weights, Groups with the same superscript letter are not significantly different from one another at the experiment-wide 5% level (P<0.05/6=0.008). Data are mean ± SE. respectively. The identified QTLs accounted for 5-8% of the phenotypic variance. No epistatic QTLs for GSI, kidney weight and body weight were identified at the genome wide 5% level.
Discussion
A genetic predisposition to development of renal lesions has been described in rat models. In the fawn-hooded hypertensive rat, which develops severe renal damage with mild hypertension, a QTL for the degree of renal damage has been reported on Chr 1 [2] , and a high susceptibility to renal damage has been observed in SHR rats carrying a segment of Chr 1 from Brown Norway rats [12] . More recently three QTLs explained increased urinary albumin excretion in the Munich Wistar Fromter rat, a model of chronic nephropathy [19] . These rat models have been studied for the genetic association between renal progression and hypertension. However, blood pressure is an unlikely causative factor for renal problems in FGS/Kist mice [9] . Based on the histological features of the FGS/Kist kidney, we here detected two QTLs for GSI, Gsi1&2, on Chrs 8 and 10. These QTLs were not homologous to those of the above rat models [2, 4, 19] . Thus, the FGS/Kist mouse may play an important role as a new source of QTLs to further FGS study.
The 1-LOD support interval of Gsi1 overlaps with that of Ptnu1 (proteinuria 1) which was recently identified as a key locus for proteinuria regulation in the FGS/Kist mouse [10] . There also was a significant phenotypic correlation between proteinuria and GSI at 28 weeks of age in the present N 2 mice (r=0.31, P<2.8 × 10 -5 ). It is well known that glomerulosclerosis is a long-term consequence of increased proteinuria filtration [20] . As the phenotypic effects of one locus on different traits, e.g. proteinuria and renal sclerosis score, are reported in the fawn-hooded hypertensive rat [2] , Ptnu1 and Gsi1 may be potentially the same locus with pleiotropic effects on proteinuria and glomerulosclerosis.
The FGS/Kist strain shows a much higher GSI than C57BL/6J, so intuitively the FGS/Kist allele must be expected to lead to a higher GSI. However, the GSI QTL, Gsi2, shows an interesting effect, that is, the FGS/ Kist allele decreased GSI. This phenomenon does not surprise us, because it is generally known that some N 2 and/or F 2 individuals show more extreme phenotypes than either parental strains, or an allele reducing a trait can be traced back to parents from the higher line and vice versa [16] . Thus, this locus is thought to have modified the penetrance of FGS in our segregating N 2 population. In humans, three susceptibility loci for familial forms of FGS have been mapped on 1q25-31 [21] , 11q21-22 [24] and 19q13 [14] . In the Mouse Genome Database (MGD), the chromosomal region of Gsi1 mapped in this study shows conserved synteny with the human chromosomal region 19p13 or 4q28-q31, whereas that of Gsi2 is 12q14. Therefore, the syntenic regions for Gsi1&2 should be considered as novel candidate regions containing susceptibility genes for FGS in humans.
We mapped QTLs for kidney weight (Kdw1) and body weight (Bdw1) to try to discover secondary phenotypes related to FGS. In addition to differences in chromosomal locations among Gsi1&2, Kdw1 and Bdw1, no phenotypic correlations were observed among the traits affected by these QTLs. Thus, Bdw1 and Kdw1 may reflect a simple genetic difference between the FGS/Kist and C57BL/6J strains. However, as described by Schork et al. [17] , the failure to detect secondary phenotypes may be due to a phenotyping window effect in which a true secondary phenotype exists but it contributes to FGS only at an early stage of life and no longer correlates with FGS at a later life stage. We cannot rule out the possibility that reduced nephron mass with compensatory glomerular hypertrophy and hyperfiltration may lead to hemodynamic alterations that predispose to the development of FGS [8] .
For potential candidate genes within the 1-LOD support interval of our four QTLs, MMP2 and MMP15 (matrix metalloproteinase), which regulate the degradation of extracellular matrix protein and are associated with progressive renal scarring, map 6 and 7cM distal to Gsi1, respectively [1] . Gsi2 very nearly maps to Jckm1 (juvenile cystic kidney modifier 1), a modifying locus that affects the severity of polycystic kidney disease [6] . Kdw1 maps closely to Mxi1 (max interacting protein 1), which is related to degenerative changes in the kidney and increased sensitivity to carcinogens [18] .
No candidate was discovered for Bdw1.
In conclusion, we have identified two new QTLs (Gsi1&2) responsible for renal impairment in the FGS/ Kist strain. The susceptibility alleles are derived from both FGS/Kist and normal C57BL/6J mice. The present study has provided an important step toward the identification of responsible genes for Gsi1&2, which will lead to a better understanding of FGS development.
